Since NAD(P)H-oxidase derived reactive oxygen species (ROS) are well known to promote atherogenesis [9] , the aim of the present study was to investigate whether ROS are involved in the IL-17 dependent pro-inflammatory response of VSMC.
Materials and Methods

Chemicals
Calcein green, SB203580, SB202190, PD98059, SP600125, 2 7 -dichlorodihydrofluorescein (H 2 DCF), phosphate buffered saline (PBS), Hanks balanced salt solution (HBSS) and all other cell culture media (DMEM GlutaMAX I, F12 nutrient mixture), antibiotics (penicillin, streptomycin) and cell culture reagents (trypsin 0.05%/EDTA) were obtained from Invitrogen (Karlsruhe, Germany). Fetal calf serum (FCS) was purchased from Biochrom (Berlin, Germany). Collagenase, elastase, trypsin inhibitor, apocynin, superoxide dismutase (SOD), catalase and recombinant IL-17 were obtained from Sigma-Aldrich (Deisenhofen, Germany). Albumin fraction V was purchased from Carl Roth GmbH (Karlsruhe, Germany). CaCl 2 was obtained from Riedel-de Haën (Seelze, Germany) and magnesium chloride hexahydrate was purchased from Merck (Darmstadt, Germany).
Cell Isolation and Culture
Murine aortic VSMC were isolated and cultured by a modification of the procedures described by Chamley-Campbell et al. [10] . In detail, male 6-to 12-week-old C57BL/6 mice were sacrificed by CO 2 asphyxia. The thoracic aorta from the descending thoracic aorta to the diaphragm as well as the abdominal aorta from the diaphragm to the renal artery branches were excised aseptically en bloc and placed in a petri dish containing ice-cold preparation solution (PBS with Ca 2+ and Mg 2+ , 5% FCS, 50 g/ml streptomycin, 50 U/ml penicillin). Remaining fat and connective tissue were removed by blunt dissection under a dissecting microscope and the vessel was flushed with fresh ice-cold preparation solution. The vessels were transferred into a 15-ml plastic tube containing 4 ml of prewarmed dissociation solution (Dulbecco's Modified Eagle Medium supplemented with 50 g/ml streptomycin, 50 U/ml penicillin, 5 mmol/l Ca 2+ , 1.25 mg/ml collagenase from clostridium histolyticum type I, 0.1 mg/ml pancreatic elastase from porcine pancreas, 0.5 mg/ml trypsin inhibitor type I-S from soybean, 1 mg/ml bovine serum albumin fraction V) and incubated for 30 min at 37 ° C. After placing the aortas in fresh ice-cold preparation solution the adventitia was carefully removed under a microscope and the vessels were incubated again in fresh prewarmed dissociation solution for another 60 min at 37 ° C, 5% CO 2 . After transferring the tissue to a fresh 8 ml of dissociation solution the tubes were incubated for 3-4 h at 37 ° C, 5% CO 2 . The resulting cell-tissue suspension was titurated several times and the cell suspension was centrifuged for 5 min at 100 g . The cells were resuspended in 15 ml of VSMC medium [Dulbecco's Modified Eagle Medium GlutaMAX I/ F12 nutrient Mixture (Ham) containing 10% FCS, 5% horse serum, penicillin 100 U/ml, streptomycin 100 g/ml] and incubated in a T75 culture flask at 37 ° C and 5% CO 2 . After 24 h the cells were washed once with HBSS to remove nonadherent cells and debris and fed with prewarmed fresh medium. Medium was routinely exchanged at 48-72 h intervals thereafter. In all experiments, murine VSMC were used from passage 3-8. In addition, primary cells were used for H 2 DCF measurements.
Detection of the IL-17A Receptor
Total RNA from 2 ! 10 6 VSMC was extracted using RNeasy Mini Kit (Qiagen). One g total RNA was reverse transcribed using the SuperScript II reverse transcriptase (Invitrogen Life Technologies) according to the manufacturer's protocol using oligo (DT) [12] [13] [14] [15] [16] [17] [18] primer. cDNA was amplified with the following primers specific for IL-17A receptor (IL-17AR): 5 -GCAGCTGAACA-CCAATGAGC-3 and 5 -GCAGCACCAGTGAAACTTGC-3 .
VSMC Proliferation and Migration
VSMC proliferation was measured using a crystal violet assay. VSMC were seeded in a 96-well plate at a density of 10,000 cells per well. After 24 h, standard culture medium was changed to medium containing 1% FCS and/or IL-17A (1-100 ng/ml) only. After 24 h, cells were fixed and stained with crystal violet. After three washing steps, crystal violet absorption (595 nm) of the individual wells were measured using an InfiniteF200 plate reader (Tecan, Salzburg, Austria). The migration of VSMC was analyzed using the fences migration assay as described before [11] . Briefly, 5,000 VSMC per well were used in the fences assay. Similar to the proliferation assay, cells were kept in serum reduced medium and treated with IL-17A (50-100 ng/ml) for 24 h. Thereafter, cells were stained using calcein green. Cell expansion was quantified using an InfiniteF200 plate reader.
H 2 DCF Measurements
The intracellular formation of ROS was examined using the ROS sensitive fluorescent dye H 2 DCF, as described in more detail previously [12] . Cells were grown in 96-well plates until they reached confluence. VSMC were treated with IL-17A (100 ng/ml) for 3, 12 or 24 h. During the last hour of IL-17A treatment, H 2 DCF was added to the medium at a concentration of 10 mol/l. Thereafter the medium was removed and the cells were washed three times with HBSS in order to remove free H 2 DCF. The plates were transferred immediately to the above-mentioned plate reader and H 2 DCF fluorescence was measured.
NAD(P)H-Oxidase Activity Assay
NAD(P)H-oxidase activity was measured as described previously [13] . Briefly, VSMC were cultured in 96-well plates at a density of 20,000 cells per well. After 24 h the cells were treated with IL-17A (100 ng/ml) and or SB203580 (1 mol/l) for 24 h. Membrane fractions were obtained using a detergent digestion procedure [14] . NAD(P)H-oxidase activity was measured by lucigenin chemiluminescence using the luminescence channel of a tecan InfiniteF200 plate reader [14] .
Nox mRNA Expression
Total RNA was extracted from VSMC cells grown in 6-well dishes using the RNeasy Mini Kit (Qiagen) and 1 g of RNA was reverse transcribed with random hexameric primes using Transcriptor Reverse Transcriptase according to the manufacturer's protocol (Roche Applied Science). cDNA was amplified and detected with a LightCycler 1.5 System using the LightCycler TaqMan Master Kit and the Universal ProbeLibrary (UPL) System (both Roche Applied Science). Beta-Actin (ACTB) was used as a reference gene. The following primers and probes were used: Nox2: 5 -GCCTGCCTGAATTTCAACTG-3 and 5 -TGTCTT-CGAATCCTTGTCGAG-3 , UPL probe 74, Nox4: 5 -GAAGA-TTTGCCTGGAAGAACC-3 and 5 -AAGGCACAAAGGTCC-AGAAA-3 , UPL probe 85, ACTB: 5 -TGACAGGATGCAGA-AGGAGA-3 and 5 -CGCTCAGGAGGAGCAATG, UPL probe 106. Relative expression was assessed based on the ⌬ ⌬ Ct method using REST Software [15] .
siRNA Treatment AllStars Negative Control siRNA, Nox2 (target sequence CAGTATCGGCACAGAAGTATA) and Nox4 (target sequence CAGGAATAAATTAAAGCTTTA) siRNA duplexes were purchased from Qiagen. VSMC cells grown in 24-well dishes were transfected with 20 pmol siRNA using FugeneHD transfection reagent (Roche Applied Science).
Cytokine Release
The release of pro-inflammatory cytokines from VSMC treated with IL-17A (100 ng/ml) was analyzed using the Luminex technology [16] . VSMC were cultured in 6-well plates until they reached confluence. Next, cells were treated with IL-17A and inhibitors for 24 h.
Statistical Analysis
Results are represented as mean values 8 SEM. Statistical analysis was performed by ANOVA and post-hoc Tukey test using GraphPad Prism, Windows version 4.02 (GraphPad Software, San Diego, Calif., USA).
Results
IL-17A Has No Effect on VSMC Proliferation or Migration
The proliferation and migration of VSMC is a hallmark of atherosclerotic transformation of the vascular wall. Surprisingly, IL-17A had no effect on VSMC proliferation ( fig. 1 a) or migration ( fig. 1 b) . To ensure that this effect is not due to the absence of the IL-17A receptor in our VSMC cultures we used RT-PCR to examine IL-17AR expression. As shown in a representative PCR gel ( fig. 1 c) VSMC express mRNA of the IL-17AR.
IL-17A Induced ROS Formation Involves Nox2 Mediated Activation of the NAD(P)H-Oxidase
The formation of ROS in VSMC was detected using the ROS sensitive fluorescent dye H 2 DCF. IL-17A at a concentration of 100 ng/ml caused a significant increase of H 2 DCF fluorescence after an incubation period of 12-24 h ( fig. 2 a) . This effect could also be observed in primary cells [ROS production relative to control: 1.90 8 0.27 (passaged cells); 1.86 8 0.21 (primary cells); n = 4 experiments; p = n.s.] The NAD(P)H-oxidase is a major source of ROS in VSMC. For this reason we treated VSMC with the NAD(P)H-oxidase inhibitor apocynin (500 mol/l), which completely abolished IL-17A induced ROS ( fig. 2 b) . Since the NAD(P)H-oxidase generates superoxide and hydrogen peroxide, we next examined which of these ROS is generated in response to IL-17A. Catalase and to a lesser extent SOD significantly reduced IL-17A induced ROS levels, indicating that both ROS species are produced by VSMC after IL-17A treatment ( fig. 2 b) . Next we examined whether the effect of IL-17A is due to increased NAD(P)H-oxidase activity, elevated Nox expression or both. NAD(P)H-oxidase activity was detected by lucigenin chemiluminescence and Nox expression levels by quantitative real-time PCR. VSMC treatment with IL-17A for 24 h caused a significant increase of NAD(P)H-oxidase activity ( fig. 2 c) , but did not change the mRNA expression levels of Nox2 and Nox4 ( fig. 2 d) . The mRNA expression of Nox1 could not be detected. Since apocynin does not provide any information regarding the Nox isoforms of the NAD(P)H-oxidase that n.s. Fig. 2 . IL-17A induced oxidative stress involves Nox2 mediated activation of the NAD(P)H-oxidase. The generation of ROS was detected in cultured VSMC using the fluorescent dye H 2 DCF. H 2 DCF fluorescence of IL-17A (100 ng/ml) treated VSMC was set in relation to the vehicle treated control. The time dependent increase of IL-17A induced ROS formation ( a ) was reduced by apocynin (Apo; 500 mol/l), superoxide dismutase (SOD; 128 U/ml) and catalase (CAT; 765 U/ml) ( b ). c NAD(P)H-oxidase activity was examined in membrane fractions of IL-17A treated (100 ng/ ml; 24 h) VSMC using lucigenin chemiluminescence, presented as relative luminescence units (RLU are involved in IL-17A induced ROS generation, VSMC were treated with siRNA directed against the Nox2 and Nox4 isoform. Nox2 directed siRNA treatment resulted in a highly significant reduction of IL-17A induced ROS formation, whereas Nox4 targeted siRNA application had only a moderate effect ( fig. 2 e) . fig. 3 a) . Since SB203580 at a concentration of 20 mol/l may exert unspecific effects on other signaling pathways, a dose response curve (10 nmol/l-20 mol/l) for SB203580 was performed. In order to strengthen the hypothesis that p38MAPK plays a critical role in IL-17A induced ROS formation, a second p38MAPK inhibitor (SB202190) was also used. As shown in figure 3 b both inhibitors caused a highly significant inhibition of IL-17A induced ROS formation already at a concentration of 1 mol/l. In addition, SB203580 at a concentration of 1 mol/l caused a significant reduction of NAD(P)H-oxidase activity (data given in relative luminescence units of lucigenin): control 765. 23 
IL-17A Induced Oxidative Stress in VSMC Involves
Inhibition of the NAD(P)H-Oxidase Prevents IL-17A Induced Cytokine Release
The inflammatory response of VSMC to IL-17A (100 ng/ml; 24 h) treatment was examined using the Luminex technology. The release of the following cytokines was measured in the supernatant: IL-6, MCP-1, GM-CSF, G-CSF. As demonstrated in figure 4 the release of all cytokines was higher in IL-17A treated cells compared to vehicle treated controls. This effect was significantly reduced by the NAD(P)H-oxidase inhibitor apocynin (500 mol/l).
Discussion
The present study was performed to examine the contribution of oxidative stress to the pro-inflammatory effects of IL-17A in VSMC. The major findings of our study are: (1) IL-17A induces the NAD(P)H-oxidase dependent generation of superoxide and hydrogen peroxide involving the Nox2 subunit; (2) inhibition of p38 MAPK signaling prevents IL-17A induced oxidative stress; (3) the IL-17A induced ROS production is involved in the release of pro-inflammatory cytokines from VSMC.
Very recently a pro-atherosclerotic role of Th17 was proposed by Eid et al. [6] . They observed increased levels of IL-17A in patients and clinical specimens of coronary atherosclerosis. Furthermore, they could show in vitro increased levels of the pro-inflammatory cytokines IL-6, CXCL8 and CXCL10 released by VSMC in response to IL-17A. The role of IL-17A in coronary artery disease is further supported by a small clinical trial by Hashmi and Zeng [7] . In this study increased levels of IL-17, IL-6 and IL-8 were found in patients with unstable angina or myocardial infarction. However, the mechanisms underlying the pro-inflammatory action of IL-17A are poorly understood. ROS produced by the NAD(P)H-oxidase are a well accepted promoter of atherosclerotic lesions in the vascular wall [9] . In the present study we were able to demonstrate that IL-17A induces increased levels of ROS in VSMC. We identified the NAD(P)H-oxidase as the source of this oxidative stress. The elevated levels of oxidative stress in VSMC are likely due to an increased NAD(P)Hoxidase activity, because activity levels were significantly increased whereas mRNA expression levels were not affected by IL-17A treatment for 24 h. Furthermore, we were able to identify the Nox isoforms involved in IL-17A induced ROS formation. Neither primary nor passaged VSMC showed Nox1 expression, which is in line with the findings of Touyz et al. [17] . Nox2 and Nox4 expression could be detected in VSMC, but their expression levels were not changed by IL-17A treatment. In order to differentiate between the putative effects of Nox2 and Nox4 on IL-17A induced ROS production, VSMC were treated with siRNA targeting Nox2 or Nox4. Nox2 siRNA treatment completely abolished IL-17A induced oxidative stress, whereas Nox4 siRNA treatment had only a minor effect. These findings are supported by studies of others describing Nox2 as a Nox isoform that is able to generate ROS in a stimulus dependent manner, whereas Nox4 constitutively produces ROS [18] [19] [20] [21] . It should be mentioned that the exact Nox expression patterns in VSMC are a matter of debate. Nox1 and Nox4 RNA expression has been demonstrated in VSMC from different vessels, whereas Nox2 RNA expression has been so far demonstrated in VSMC of resistance vessels [17, [19] [20] [21] ] . On protein level Nox2 has been detected in aortic VSMC, whereas a report of Nox1 expression is still missing [20, 22] . The finding that SOD and catalase reduce IL-17A dependent ROS formation is well in agreement with the findings of others. Dikalov et al. were able to demonstrate that angiotensin II induced activation of the NAD(P)H-oxidase results in superoxide and hydrogen peroxide generation [23] . We next examined the contribution of MAPK signaling to IL-17A dependent ROS formation. Inhibition of the p38MAPK, but not of the p42/44MAPK or the JNK completely blocked IL-17A dependent ROS formation. This finding is well in line with the studies of Eid et al. and Patel et al. who were able to demonstrate a p38MAPK activation in human VSMC after IL-17A treatment [6, 8] .
Since it has been shown that IL-17A enhances the release of pro-inflammatory cytokines from VSMC, we next examined whether the inhibition of IL-17A induced ROS formation blocks the pro-inflammatory response of VSMC. We observed increased levels of the pluripotent pro-inflammatory cytokine IL-6 in response to IL-17A treatment. Furthermore the release of G-CSF, GM-CSF and of the chemokine MCP-1 was enhanced by IL-17A, indicating a potential role of IL-17A in recruiting further leukocytes to atherosclerotic plaques. These observations are in line with a very recent report of Erbel et al. [24] . They observed an increase of IL-6 and MCP-1 release if cultured murine VSMC were treated with IL-17A. Application of the NAD(P)H-oxidase inhibitor apocynin significantly reduced the IL-17A induced release of these cytokines. However, it should be mentioned that the effects of IL-17A on pro-inflammatory cytokine release were not completely abolished in our experiments. Other mechanisms such as Nf B activation as observed in endothelial cells and macrophages may be also responsible for the effects observed in VSMC [24] [25] [26] . Taken together, the results of our present study demonstrate for the first time that p38MAPK dependent ROS formation of the NAD(P)H-oxidase plays an essential role for the release of pro-inflammatory cytokines from VSMC. This signaling pathway might be a target for future therapeutic approaches to reduce the inflammatory burden in atherosclerotic lesions.
